Preliminary evaluation of high modulus graphite fiber-resin composites in gas turbine engine hardware has revealed a high degree of residual stresses in such materials. These residual stresses are caused by the mismatch in thermal expansion of the reinforcement and the resin. An analysis indicates that the amount of residual stress can be closely related to the design of the composite construction as well as materials selection and processing. A model was designed for qualitatively evaluating the variables affecting the residual stresses. Several epoxy resin systems were evaluated and characterized for their ability to produce defect-free composites. It was found that resin shrinkage and resin-fiber bonding (transverse tensile strength) are contributors. Recognizing composite residual stresses, an intelligent approach can be taken to composite hardware design.
INTRODUCTION AND PROBLEM: STATEMENT
The development of high modulus carbon fibers isfactory bond with the organic polymer matrix. from the pyrolysis of organic precursor filaments has opened the door to a new generation of materials. These materials, in the form of composites comprised of fibrous reinforcement combined with a suitable organic polymer matrix, are finding their way into applications where high specific strength and rigidity are of paramount importance. For uses such as in spacecraft, airframes, and aeropropuision systems, lightweight high-performance composites offer the potential of higher speed, greater size, larger payloaa, and increase efficiency.
Over the past several years, remarkable advances have been made in carbon fibers. Through substantial efforts by government and private agencies, technological progress has been rapid in the elevation of mechanical properties, particu larly the stiffness characteristics of the carbon fiber. Significant incremental improvements in modulus of elasticity have been achieved from 25 x 10 6 psi through 40, 50 and now fibers of over 70 million psi are becoming commercially available With the potential of 145 x 10 6 psi exhibited by monocrystalline graphite as a target, there is much room for improvement. Current thinking indicates that 100 million psi modulus fiber is readily acievable and represents the next increment of advancement. Strength properties of carbon fibers also have been upgraded, although not nearly as dramatically as modulus. For the purpose of this paper, no differnetiation is made between carbon and more highly ordered graphite fibers, and terminology is used interchangeably.
Although in forms not dissimilar to glass yarns and rovings, carbon fibers exhibit significantly different characteristics in handling, fabrication, and composite properties. Like glass, carbon fibers are subject to self abrasion and must be protected by a suitable size or finish if maximum properties are to be achieved in composite form. Of more significant interest to the hardware designer is an inherently low interlaminar shear strength in high modulus carbon fiber composites, resulting primarily from the inert characteristics of the fiber surface inhibiting a satAlthough the fiber-resin interface mechanisms are still not well understood and considerable work continues in this area, shear strengths of carbon fiber composites have been upgraded by a variety of fiber treatments and sizes from a value of 2500 psi in 1967 to about 15,000 currently, with some laboratories reporting values as high as 20,000 psi. Sufficient progress has been made to initiate the use of these materials in hardware applications.
A more perplexing problem, particularly to the fabricator, has been the substantial anisotropic behavior of high modulus carbon fibers. This property arises from the similarity of carbon fibers to single crystal graphite which exhibits a negative thermal expansion coefficient of approximately -1 x 10 -6 deg F -1 in the "CH or longitudinal direction of the fiber or crystal while a very positive value x 10 -6 deg F -1 ) in the transverse direction. This is, perhaps, understandable since a high degree of molecular order is achieved in the fiber at the time it is formed from the polymer by substantial attenuation or stretching which is needed for tenacity enhancement. The degree of order is maintained or further promoted during the carbon forming process. Depending upon the precursor used, additional stretch and thus molecular order is achieved either during the preliminary oxidation phase of the process during the pyrolysis phase, or in the graphitization step.
Initial work in the utilization of high modulus graphite fibers in plastic composites did not reveal the severity of the problem with anisotropic fiber behavior. Simple unidirectional fiber flat laminates or even cross-plied composites were achieved without significant difficulty. A problem was experienced occasionally with warpage of laminates due to an unbalance of symmetry in the design of the ply orientation similar to that experienced with unbalanced glass laminates. As long as care was taken in balancing the layup, thin laminates could easily be fabricated for such applications as skins for honeycomb strcctures.
For thicker laminates and more complex con- Since all high modulus graphite fibers demonstrate approximately the same degree of anisoFi ,&'.1 Cross section of sandwich construction tropic thermal response, it was felt that the graphite/epoxy airfoil at several radial stations situation could not be attacked through basic changes in the reinforcement structure without seriously altering the mechanical characteristics of the fiber. There remained the selection of the figurations, it was soon learned that the residual resin matrix, the composite design, and the fabristresses observed in carbon fiber composites were cation methods as potential areas where a solution greater in magnitude and severity than previously had to be found. observed with composites of other reinforcing
The preliminary determined cause of failure fibers. Not only was warpage observed, but sigwas relatively straightforward. The thermal connificant cracking and delamination was exhibited.
traction during mold cooldown of the unidirection-A case in point was the initial attempts at conal core in the transverse direction, while being str,ction of laminated graphite fiber epoxy airrestrained by the crossplied skins, had placed foils at TRW, such as fan blades for aircraft gas tensile loads on the core in excess of the transturbine engines. The structural requirements of verse strength of the composite core. The large such components necessitate a somewhat unusual thermal contraction of the composite in the transcomposite construction. The stresses induced upon verse direction compared to the longitudinal dirotating airfoil. members in an engine include cen-rection is attributable to at least three causes: trifugal loads requiring substantial longitudinal 1) the anisotropic fiber, 2) the differential strength and rigidity, as well as torsional rigid-thermal expansion coefficient between fiber and ity to inhibit untwisting of the airfoil. To this resin, and 3) polymerization shrinkage in the is coupled aerodynamic loading which further conpolymer system. As will be seen later, the amount tributes to the untwisting movement and adds bend-of this shrikage in some materials is substantial ing loads as well. The composte design, which has and can be a deciding factor in resin selection. generally evolved by aircraft engine designers for A simple, but effective, test has been deuse in airfoils, has been a sandwich-type construe-veloped at TRW to evaluate composite mold shrinktion. That is, a unidirectional laminated core age. In the preparation of composites for prelim-(providing longitudinal strength and stiffness) inary mechanical property evaluation or screening, is faced on both sides by some crossplied laminae unidirectional laminates are prepared in a closed usually at 45 deg to facilitate the necessary die which is exactly 4.000 in. square. After torsional rigidity. Stress analysis and composite molding, laminate length and width are accurately design for airfoils are handled adequately elsemeasured. The resulting values represent a comwhere and are not discussed in this paper.
bination effect of thermal expansion and resin Preliminary attempts at fabrication of such cure shrinkage. However qualitative, the data are sandwich construction airfoils at TRW were unsucindicative of the characteristics of the compos- 
AIRFOIL RADIAL DIRECTION SKINS OORE-IINIPIRECRONAL
ites. For unidirectional high modulus graphiteepoxy composites, the longitudinal dimension of the 4-in. composite, when cured at about 300 F, is consistently 9 to 10 mils longer than the tool. In the transverse direction, depending on the resin system selected, shrinkages are observed from 3 to 10 mils/in. of laminate width. From this phenomenon., it can be seen how substantial residual stresses can be generated in sandwich construction structures.
A more dramatic presentation of the phenomenon, as it is related to composite airfoils, is illustrated in Figs. 2 and 3. The first of the figures is a reconstruction of the curves from the analysis of Halpin and Pagano' for the thermal expansion or thermal strains of unidirectional and crossplied graphite-epoxy laminates as a function of the angle from the axis. It will be noted that the off-axis properties of the unidirectional laminate forms a normal "s" curve from 0 to 90 deg beginning at a slightly negative value. The crossplied laminate, however, passes through a definite minimum at about 35-deg fiber orientation, indicating that for crossplied graphite epoxy laminates, the expansion coefficient can be decidedly negative.
The thermal behavior of a sandwich-type laminated airfoil can be depicted by a combination of these two curves. If the fiber orientation of 1 Ashton, J. E., Halpin, J. C., and Petit, P. H., "Primer on Composite Materials -Analysis,' Stamford, Connecticut Technomic Publishing Company, 1969. deg-skins, which is most desirable from the standpoint of providing maximum torsional properties, a somewhat lower but still sizable differential expansion and, hence, residual stress between skin and core is generated. However, the slope of the curve in this region is very high, and moderate reductions in skin ply orientation can significantly reduce the residual stresses. It is, therefore, conceivable to consider a tradeoff in selecting skin orientations between desired torsional properties and acceptable residual stress. In a recent program at TRW, the conversion of an airfoil skin ply orientation from 45 to 30 deg decreased the torsional spring rate by 17 percent, while increasing the longitudinal spring rate in bending by 35 percent, illustrating that such tradeoffs can be effected.
It is appropriate then to identify those factors which contribute to residual stresses in composites and attempt to select those conditions which would tend to eliminate or minimize them. Following is a discussion of the factors considered:
1 Design --The preceding paragraphs have discussed the problems with complex orientations as seen in sandwich construction airfoils. To Pig.4 High modulus graphite fiber composites, PAN fiber base (above) and rayon fiber base (below) this can be added size and thickness effects. For instance, the ability of the core to support the transverse tensile loads induced by thermal shrinkage is a function of the relative thickness or the number of piles in the core and skins. A computer program can, in fact, be written to calculate these residual stresses based upon the composition and construction and, knowing the transverse strength and other properties of the composite, a prediction can be made as to the likelihood of the airfoil cracking. Such a program is currently underway at TRW. 2 Fiber Selection --It was stated earlier that all high modulus graphite fibers exhibit approximately the same thermal aniosotropy. It has been found, however, that some commercially available fibers are more prone to cause cracked composites than others. For instance, rayon precursor fiber, in general, appears more crack prone than PAN precursor fiber. An explanation for this, although not substantiated, is presumed to be the result of several factors: 1) the higher bond strength between resin and fiber of the PAN fiber (based on composite interlaminar shear strengths) providing greater resistance to fracture, 2) the substantial twist in the rayon base fiber. Fig./ + illustrates the cabling effect of the rayon precursor fiber compared to the more homogeneous PAN fiber composite. The high fiber density noted in the core of the rayon base yarns could be expected to affect the strain intensification factor in this low resin content region and could be the initiation source of failure.
3 Processing --Because the thermal expansion coefficients of both fiber and matrix play such a substantial role in residual stresses, the temperature at which composites are cured is significantly important. To minimize residual stresses, cure and post-cure cycle temperatures should then be selected as low as possible to assure full cure, dimensional stability, and adequate mechanical properties.
4 Matrix Selection --Based upon the foregoing discussion, it becomes obvious that the selection of the matrix resin is also an important criterion to successful fabrication of composites and is, in fact, considered more critical for carbon fiber composites than for most other reinforcements. The following resin properties must be sought:
a High strength b Elevated temperature capability where needed c High elongation and toughness d Low cure temperature e Ease of prepregging f Reasonable shelf life g Low cure shrinkage.
EXPERIMENTAL PROGRAM
An experimental program was undertaken to study residual stresses with several specific objectives:
1 To assist in the selection of a resin matrix for a specific hardware application. 2 To develop a suitable fabrication cycle for a specific configuration.
3 To identify, where possible, resin and composite properties, mechanisms and characteristics contributing to residual stresses and cracking.
The program was of short duration consisting viding high-strength modulus and heat distortion of resin candidate selection, empirically estabtemperature. The MDA (methylene dianaline), on fishing the crack susceptibility of the system the other hand, imparts twice the elongation with based upon a pre-selected configuration, and a only minor reduction in strength, modulus, and final characterization phase for mechanical proper-heat distortion temperature. The increased toughties. Criteria for resin acceptance was that the ening is felt to result from increasing the discomposite have the following mechanical properties tance between the active amine groups in the at 230 F, and that the resin be processible to hardener providing greater flexibility in the structurally sound composites in a sandwich conmolecule. A more comprehensive rationale is found figuration consisting basically of one pair of in footnote 2 . The MDA, however, is a more slug-+ 45-deg plies on each face of a 20-ply unidirecgishly reacting hardener than m-PDA and, because tional core. This construction is identified as a a low-temperature cure cycle was desired, a cata-2/20/2 sandwich configuration. lyst, BF 3 -MEA (boron trifluoride-monoethylamine Flexure strength, min.----80,000 psi complex), was incorporated to accelerate the re-6 action. Flexure modulus, min. 15 x 10 psi Shear strength, min. 3000 psi Because of the stiff brittle nature of the Fiber loading 55 v/o DEN-438 resin system, NMA (nadic methylanhydride) was selected as the hardener as a means of flexibilizing and toughening the system at some sacriMaterial Selection fice of temperature resistance. As will be seen The reinforcement, selected as the standard later, the lowering of elevated temperature mefor the program, was Hitco HMG-50 with a fiber chanical properties through the use of this hardtreatment for improved shear properties and a pro-ener was significant. prietary finish designated E-80-95. This fiber is a highly graphitized rayon precursor yarn form Specimen Design having 1440 filaments in a two-ply construction A simple model simulating the construction with about four twists per inch.
of the end application was designed which consisted of a 2-x 6 -in. flat laminate. A 2/20/2 Resin Selection construction of 45-deg skin plies was used with The selection of candidate resins was based the 0-deg core plies oriented in the 6 -in. direcupon previous experience at TRW with graphitetion of the specimen. A closed die, straight-sided epoxy systems, and hence, the field of candidates tool was constructed in which the 2-and 6 -in. diconsidered likely to meet the requirement was lim-mension were held very closely so that shrinkage ited. Initially, five resin systems were selected data could be obtained. The 24-ply specimen had with various catalysts and hardeners chosen to a nominal thickness of 0.168 in. or 7 mil/ply. make up a matrix of eight candidate systems. Ultimately, four of the eight were selected for evalu-Fabrication ation as follows:
Sheet prepreg was prepared on a laboratory
Union Carbide ----ERR-4205/MDA /BF3-MEA collimator consisting of a bench lathe equipped with a 20-in.-dia mandrel and an impregnation Union Carbide----ERLA-4617/MDA/BF 3 -MEA Dow DEN 438/NMA/BDMA train. The lead screw was used to provide a fiber spacing of 72 threads per inch, and resin content Union Carbide ERLA-4617/m-PDA/BF3-MEA was targeted at 43 ± 3 percent by weight. The ERR-4205 is a cycloaliphatic ether-type prepreg was removed from the mandrel and staged epoxy which exhibits high strength in both cast in a circulating air oven until the solvent (MEK) resin and composite forms. ERLA-4617 is a cowas dissipated and the resin advanced to a usable polymer of the same cycloaliphatic ether with eth-degree of drape and tack. The necessary plies ylene glycol providing slightly improved processi-were cut out and assembled in the 2-x 6 -in. tool bility. DEN -438 is an epoxy novalac and repreand the specimen cured in a heated platen press at sents one of the first epoxy-type resins having approximately 300 psi and 275 F. Time at temperaimproved temperature capability.
ture varied from 30 to 150 min., based upon previ-
The hardener systems were selected for both elevated temperature characteristics and as a 2 Soldatos, A. C., Burhans, A. S., and Cole, means of providing improved toughness and elonga-L. F., "Correlation Between High Performance Epoxy tion to the matrix system. The m-PDA (metaCast Resin Properties and Composite Performance," phenylene diamine) is the normal hardener recomUnion Carbide Corporation. Presented at SPI Conmended for either of the Union Carbide resins pro-ference, Washington, D. C., Feb. 1969. Clear (b). To carry the experiment one step further, the 4205 specimen was given an additional six-hour post-cure, this time at 325 F after which two hairline cracks were observed as seen in Fig.5(c) . This would indicate that the residual stress, caused by the slightly higher exposure temperature, exceeded the transverse strength capability of the composite core.
A. ERR -41ZOS/ MO4 SPECIMEN AFTER CURE

C. ERR -i1Z0574104 SPECIMEN AFTER CORE POST CURE
As an adjunct to the program, a comparable specimen was prepared using the ERR 4205/MDA/BF3-MEA resin system with a PAN precursor fiber, Modmor II. In seeing no crack indications after the prescribed 275 F cure and post-cure, the specimen was incrementally post-cured at 300, 350, and 400 F with visual inspection after each cycle. Even after the 400 F post-cure cycle, no cracking or other defects were observed. It would appear that the characteristics of the fiber, other than its anisotropic thermal expansion behavior, play a significant role in establishing crack susceptious experience with the resin systems with the bility. times selected on the basis of that deemed necessary to achieve adequate cure. The specimens were Composite Characterization cooled under pressure before removal from the tool.
In an attempt to learn more about the crack-A dimensional check of the 2-in. dimension was ing phenomenon and hopefully to identify the resin made prior to sectioning for microscopic examinacharacteristics which may affect cracking susceptition. One half of the specimen was post cured for bility, the program was continued by selecting two 16 hr at 275 F then re-examined for cracks.
systems for limited mechanical property characterization. The objective was to use one system show-
Test Results ing minimal and one system showing pronounced crack
Tabular results of the preliminary evaluasusceptibility. The resins chosen were the 4205 tion are presented in Table 1 . In all cases, the and the 438 epoxy novalac, respectively. The 438 laminates, as might be expected, were longer than selection justification is obvious; the 4205 selecthe tool by 8 to 9 mils. Specimen widths were tion was based upon the results of the crack susgenerally close to that of the tool except the ceptibility specimen experiment and previous TRW fourth system which unexplainedly was 10 mils over experience which indicated desirable handling and tool size.
composite properties with this system. Of more significance, however, are the re-Both unidirectional and 45-deg, 12-ply sults of visual examination of the sectioned speci-laminates, nominally 0.100-in. thick, were premens. Upon cure and post-cure at 275 F, no crack-pared from both resin systems using essentially ing or other defects were seen in the specimens identical fabrication cycles. Laminates were using 4205 and 4617 resins. A photomicrograph of molded in a closed die having dimensions of 8.5 x the specimen with 4205 is shown in Fig.5(a) show-8.5 in. The cure cycle was conducted at 275 F and ing clearly the skin and core plies. The specimen 300-deg psi followed by an oven post-cure of 16 hr using 438 resin indicated extensive cracking iden -at 275 F. Dimensional results of the four lamitical to that seen in composite airfoils, Fig.5 nates are presented in Table 2 . A primary differ- ence is noted in the transverse shrinkage between the 4205 and 438 systems. Significantly, the post-cure had no effect on the 4205 shrinkage, while the same treatment doubled the shrinkage on the 438 system which after molding was twice that of the 4205 composite. The physical characteristics of the composites are shown in Table 3 . The test laminates were machined into specimens and evaluated for flexure strength and modulus and shear strength at room temperature and 230 F. Tensile strength, modulus, and elongation were also determined on the 45 deg composites. Results are tabulated in Tables 4 and 5 It will be seen that at room temperature, the properties of the 4205 are generally only moderately greater than the 438 epoxy novalac system. The 230 F properties of the 438 resin are surprisingly low, indicating a significant sacrifice in elevated temperature capability by the use of the NMA hardener as a flexibilizing or toughening agent. Two properties do, however, stand out as dramatic contributors to the differences in crack sensitivity of the two systems. The transverse tensile strength of the 4205 is twice that of the 438, indicating a better bonding of the resin to the graphite fiber. Even more dramatic is the difference in transverse shrinkage between the two systems. The 4205 exhibits lower than average shrinkage for epoxies and is fully stabilized upon initial cure at 275 F. The 438, on the other hand, exhibited over four times the shrinkage, and hence, significantly greater residual stresses induced in sandwich type composite construction. The 45-deg tensile results, expected to show significant differences in resin strength and ductility, were surprisingly close for the two resins.
SUMMARY AND CONCLUSIONS
Residual stresses in high modulus graphite fiber-resin composites represent a serious problem to designers and fabricators. Such residual stresses are ever present in complex composite configurations and can result in warpage, serious cracking in fabrication, or can reduce the loadcarrying capability of the structure in service. A relatively simple laboratory investigation has been useful in substantiating the presence of these residual stresses and identifying at least some of the causes and factors contributing to them. Significant among these factors are: structure size and configuration (ply orientation); strength, bonding, and shrinkage characteristics of the resin matrix selected; processing conditions (particularly temperature) and the form and type of fiber reinforcement selected.
Recognizing the existence of residual stresses, an intelligent approach can be made to the design of composite hardware, and much coordination will be required between fabricator and designer. It may, in fact, be necessary to make a tradeoff between the design desired from a structural standpoint and the ability to manufacture a sound stress-free or low stress component.
The case studies involved a relatively lowtemperature application and, with the materials selected, relatively low molding temperatures could be employed. As new applications are considered, high-temperature performance will be required of the composite. For this, improved heatresistant resins will be needed which, in turn, require high processing temperatures. Polyimides, for instance, the next generation high-temperature resin matrix, require cure or post-cure temperatures up to 600 F, accentuating even further thermally induced stresses. Additionally, these hightemperature resins are characterized by high shrinkage and high stiffness and brittleness. All of these factors point to the need for further understanding of the entire area of residual stresses in plastic composites and the knowledge of these factors to develop improved materials and processing techniques.
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